Context. One of the most unusual aspects of the X-ray binary LS I +61
Introduction
The system LS I +61
• 303, which has an orbital period P 1 = 26.4960 ± 0.0028 days (Gregory 2002) , is composed of a compact object and a massive star; the star has an optical spectrum typical of a rapidly rotating B0 V star with a decretion disc (Casares et al. 2005) . At each orbit one radio outburst occurs whose amplitude is modulated with a long-term period P long of 1605−1667 d (Marti & Paredes 1995; Gregory 2002) . In this paper we study the origin of the long-term modulation. If it is attributable to periodic Doppler boosting effects, due to the precession of a jet associated with the compact object (Massi & Torricelli-Ciamponi 2014) , then the long-term modulation has a stable periodicity. If it is attributable to an identical variation in the mass loss of the Be star (Gregory & Neish 2002) , then the long-term modulation is rather unstable as it is in variable Be stars (Rivinius et al. 2013) .
After examining the relationship between the long-term modulation and the period of the radio outburst (Sect. 2), we describe the precessing model (Sect. 3) and cyclic variability in Be stars (Sect. 4). In Sect. 5 we perform a timing and a correlation analysis on a radio data base of 36.8 yr, that covers more than 8 cycles of the long-term modulation. Finally, in Sect. 6 we discuss the implications of our results.
Relationship between the long-term modulation and the period of the radio outburst
In this section we analyse the relationship between the long-term period P long and the radio outburst period P average . Their relationship, as shown below, is their mutual connection to the intrinsic periodicities of the system LS I +61
• 303, i.e. to the orbital period P 1 and to the precession P 2 of the jet.
Period of radio outbursts P average
The long-term periodicity P long in LS I +61
• 303 is a phenomenon affecting not only the amplitude of the radio outburst, but also its position along the orbit (Paredes et al. 1990; Gregory 1999 Gregory , 2002 . The variation in the position of the outburst along the orbit, i.e. the orbital phase shift, depends on the timing residual between the orbital period P 1 and the actual occurrence of the radio outburst. The radio outburst occurs nearly but not exactly at P 1 . Gregory (1999) showed that when radio outbursts are predicted to occur with P 1 then there are timing residuals of up to several days that follow a sawtooth trend with period P long . The same phenomenon has been analysed in terms of orbital phase shift by Paredes et al. (1990) . An example is given in Fig. 1 . The top panel shows one outburst before the maximum of the long-term modulation at 49418 MJD (red), one outburst during the maximum at 49980 MJD (black), and one outburst towards the minimum at 50594 MJD (blue). In Fig. 1 -centre we plot the three outbursts as function of the orbital phase Φ,
where t 0 =43366.275 MJD (Gregory 2002) . The figure shows that the first outburst peaks at phase Φ(P 1 ) ∼ 0.5, whereas the second outburst is shifted at Φ ∼ 0.6, and the third at Φ ∼ 0.8. As can be seen in both Fig. 1 -top and centre, there is a variation in the amplitude of the outburst at the same time as the orbital phase shift. The period of the amplitude modulation and the period of the sawtooth function are the same (Gregory 1999 (Gregory , 2002 , so clearly the origin of the two phenomena are also the same. Why is there an orbital phase shift? or better, Why is there a timing residual with respect to the orbital period P 1 ? A saw-tooth function in the residuals is indicative of a systematic error, otherwise residuals should be randomly distributed. An intuitive answer is that P 1 is not the periodicity of the radio outburst. The first group to notice that the radio outburst periodicity is not equal to the orbital periodicity is Ray et al. (1997) . In 1997 they reported a period for the radio outburst of 26.69 ± 0.02 d and discuss how their best estimate of the period is significantly different (9σ) from the best previously published value of 26.496 ± 0.008 d (Taylor & Gregory 1984) . Based on the analysis of 6.5 years of Green Bank Interferometer (GBI) radio data, the period of P average = 26.704 ± 0.004 d for the radio outbursts in LS I +61
• 303 has been confirmed, and noise-limited timing residuals between radio outbursts and predicted outbursts at P average have been determined . The bottom panel of Fig. 1 shows that the three outbursts at the three different epochs all occur at the same Φ(P average ). The reason why the outburst period is called P average is explained in the following section.
2.2. Beat between P 1 and P 2 Another peculiarity of the radio emission from this system is the variability of its morphology. Radio images at high angular resolution show an elongated feature that changes from a doublesided to a one-sided morphology and that continuosly changes position angle as well. A precession period of 27-28 d was estimated by VLBA astrometry (Massi et al. 2012) . The observed flux density (S o ) of a synchrotron source is the intrinsic flux density (S i ) times the Doppler boosting factor (DB), which depends on the ejection angle. A periodic change in ejection angle of a radio emitting source, because of precession, changes the Doppler factor periodically; as a consequence, a periodicity should be observed in the flux density. Timing analysis of GBI radio data has revealed two periods , the already known orbital period P 1 = 26.49 ± 0.07 d (ν 1 = 0.03775 d −1 ) and a new period P 2 = 26.92 ± 0.07 d (ν 2 = 0.03715 d −1 ) consistent with the precessional period of 27-28 d indicated by the VLBA astrometry (Massi et al. 2012) . The orbital period can result in a timing analysis if there is a periodical variation in the intrinsic flux density (S i ). The hypothesis that the compact object in LS I +61
• 303, which accretes material from the Be wind, undergoes a periodical (P 1 ) increase in the accretion rateṀ at a particular orbital phase along an eccentric orbit has been suggested and developed by several authors (Taylor et al. 1992; Marti & Paredes 1995; Bosch-Ramon et al. 2006; Romero et al. 2007 ). • 303. Three outbursts are indicated: one before the maximum of the long-term modulation, one at the maximum, one towards the minimum. Centre: the radio light curves are folded with the orbital phase Φ(P 1 ). The outburst does not follow the orbital periodicity and shifts at different epochs to different orbital phases. Bottom: the same light curves are here folded with P average , the periodicity of the radio outburst .
Recently, the presence of P 1 and P 2 have been confirmed as stable features in more recent Fermi-LAT and OVRO monitorings of the GeV gamma-ray emission (Jaron & Massi 2014 ) and of the radio emission , respectively.
The aim of the timing analysis was to obtain a better determination of the precessional period, but there was an additional and totally unexpected result: when combining ν 1 and ν 2 one obtains P average = 2 ν 1 +ν 2 = 26.70±0.05 d and . In other words, the beat of P 1 and P 2 creates P beat (i.e. P long ) that modulates their average P average . LS I +61
• 303 seems to be one more case in astronomy of a "beat". The first astronomical case was a class of Cepheids, afterwards called Beat-Cepheids (Oosterhoff 1957) . This phenomenon occurs when two physical processes create stable variations of nearly equal frequencies (ν 1 ,ν 2 ). The very small difference in frequency creates a long term variation (ν 1 − ν 2 ) modulating their average (ν 1 + ν 2 )/2.
Precessing jet model
In our previous paper (Massi & Torricelli-Ciamponi 2014) , we linked the two periodicities P 1 and P 2 to two physical processes: the periodic (P 1 ) increase of relativistic electrons in a conical jet due toṀ variations and the periodic (P 2 ) Doppler boosting of the emitted radiation by relativistic electrons due to jet precession. We have shown that the synchrotron emission of such a jet, calculated and fitted to the GBI observations, reproduces both the long-term modulation and the orbital phase shift of the radio outburst (Massi & Torricelli-Ciamponi 2014) . The peak of the long-term modulation occurs when the jet electron density is around its maximum and the approaching jet forms the smallest possible angle with the line of sight. This coincidence of the maximum number of emitting particles and the maximum Doppler boosting of their emission occurs every 1 ν 1 −ν 2 and creates the long-term modulation observed in LS I +61
• 303. In this context, if no significant variations in P 1 and P 2 occur in the time interval under examination, then in that interval the longterm modulation remains stable.
Cyclic variability in the disc of some Be stars
The known long-term variability in Be stars is that of the violetto-red cycles (V/R variations) in which the two peaks of the emission lines vary in height against each other. The variations correspond to an evolution of the disc itself where the disc undergoes a global one-armed oscillation instability that manifests itself in the V/R variability. This instability (progressing density wave) may eventually lead to the disruption of the disc, which after years or decades fills again (Grudzinska et al. 2015 , and reference therein), and to cycle lengths that are not constant but vary from cycle to cycle (Rivinius et al. 2013 , and references therein). We examine in detail the well-studied case of ζ Tau, which is also a Be star in a binary system. Over the last 100 years ζ Tau has gone through active stages characterized by pronounced long-term variations and quiet stages. 
Radio data base of LS I +61 • 303
We collected data of LS I +61
• 303 from the literature at 5, 8, 10, and 15 GHz (see Appendix) covering the interval 43367 MJD − 56795 MJD, i.e. 36.8 yr. To date, this is the largest archive on LS I +61
• 303. The data are shown in Figure 2 . The top x-axis shows the number of cycles for a long-term period of 1626 d (see below): the data set covers 8 long-term cycles. In Fig. 3 we show the data overlapped with our physical model of the precessing jet assuming the same sampling and ν = 8 GHz. Our model was fitted previously (Massi & Torricelli-Ciamponi 2014) on 6.7 yr of radio data (49380 MJD -51823 MJD). As we show in Fig. 3 , the model also reproduces well 36.8 yr of data. In order to search for possible periodicities we used the Lomb-Scargle method, which is very efficient on irregularly sampled data (Lomb 1976; Scargle 1982) . We use the algorithms of the UK Starlink software package, PERIOD (http: //www.starlink.rl.ac.uk/). The statistical significance of a period is calculated in PERIOD following the method of Fisher randomization as outlined in Linnel Nemec & Nemec (1985) . One thousand randomized time series are formed and the periodograms are calculated. The proportion of permutations in a given frequency window that give a peak power higher than that of the original time series provides an estimate of p, the probability that there is no such periodic component. A derived period is considered significant for p < 0.01 and marginally significant for 0.01 < p < 0.10 (Linnel Nemec & Nemec 1985) .
The spectrum is shown in Fig.4 . We have two dominant features at P 1 = 26.496±0.013 d and P 2 = 26.935±0.013 d, evident in the zoom in the upper right panel. Period P 1 coincides with the orbital period (Gregory 2002) and period P 2 with the precession period . In the spectrum there is a third feature at P long = 1628 ± 49 d. For all periods the randomization test gives 0.00 < p < 0.01. It is interesting to compare this spectrum with that of the model shown in Fig. 4 -right. Periods P 1 , P 2 , and P long are all there. Period P long shows two side lobes at 1265 d and at 2335 d; the small feature to the right of P long in Fig. 4 -left corresponds to 2335 d.
By comparing the light curves in Fig. 3 and the spectra, i.e. Fig. 4 -left with Fig. 4 -right, it is clear that the precessing jet model able to reproduce the light curve of 36.8 yr of radio data of LS I +61
• 303 also reproduces well its Lomb-Scargle spectrum. The most important result from the analysis of the largest archive of data available until now on LS I +61
• 303 is that it is evident for the first time that P long is not a main characteristic of the Lomb-Scargle spectrum; the main characteristics are P 1 and P 2 . We can compute the beating of the found P 1 and P 2 and check how P beat compares with P long . The result is P beat = (P 1 P 2 )/(P 2 − P 1 ) = 1626 ± 68 d, clearly in agreement with P long = 1628 ± 49 d.
How stable is the found P long over the 8 cycles? This is the fundamental question of this work. A powerful method for studying the stability of a periodic signal over time is its autocorrelation. If a period is stable the correlation coefficient should appear as an oscillatory sequence with peaks at multiples of that period. We first examine the correlation coefficient for model data. The result is shown in Fig. 5 -right. In the Lomb-Scargle spectrum, P long -given by the beating of P 1 and P 2 -is a minor feature; however, it becomes apparent in the plot of the correlation coefficient. We draw lines at multiples of P beat = 1626. Since P 1 and P 2 are constant in our model, it is clear that the model predicts a stable repetition of their beating frequency. We now compare the correlation of model data with the correlation of the observations. The correlation coefficient is shown in Fig.  5 -left. Except for a slight drop in the correlation in the first cycles, the correlation coefficient of LS I +61
• 303 observations compares well with the correlation coefficient of the model data. The small drop in correlation is likely attributable to the data at 5 GHz present in the first 3.7 cycles (see Appendix). The scattering of the correlation coefficient around cycle 6 is due to the lack of data around that cycle (see Fig. 2) ; scattering is also present in the correlation of model data (Fig. 5-right) .
Discussion and conclusions
We built a radio archive of 36.8 yr for the source LS I +61
• 303 and performed timing and correlation analysis. Our conclusions are the following:
1. In the system LS I +61
• 303 a periodic radio outburst is observed of P average = 26.704 ± 0.004 d modulated by a long-term period of 1628 ± 49 d. However, the LombScargle spectrum is dominated by two other periodicities, P 1 = 26.496 ± 0.013 d and P 2 = 26.935 ± 0.013 d, and the observed periodicities P average and P long are equal to the beat of P 1 and P 2 . 2. Synchrotron emission from a precessing jet model, with precession period P 2 , regularly (with period P 1 ) refilled with relativistic electrons, reproduces the observed 36.8 yr light curve of LS I +61
• 303 and also its Lomb-Scargle spectrum. 3. The correlation coefficient of the observations shows a regular oscillation, as does the correlation coefficient of the model data with peaks at multiple of P long .
The period P long = 1628±49 d is stable over 8 cycles. This is not what is expected from Be wind variations, which are rather unstable and change from cycle to cycle or even disappear. A stable P long is what is expected for a beat of periods P 1 (orbital period) and P 2 (precession) with no significant variations during the 8 examined cycles. The peak of the long-term modulation occurs when the jet electron density is around its maximum and the approaching jet forms the smallest possible angle with the line of sight. This coincidence of the maximum number of emitting particles and the maximum Doppler boosting of their emission occurs every
and creates the long-term modulation observed in the radio emission of LS I +61
• 303. Finally, periods P 1 and P 2 have also been determined in the Lomb-Scargle spectrum of gamma-ray emission at apastron of Fermi-LAT data (Jaron & Massi 2014) . Moreover, ParedesFortuny et al. (2015) discovered that the orbital phase shift also affects the variations in the equivalent width (EW) of the Hα emission line from LS I +61
• 303. The orbital phase shift (Sect. 2.1) suggests that P average is the true period for the EW variations. The EW variations show a long-term modulation as well (Zamanov et al. 2013) . The presence of both long-term period and P average , as well as the direct detection of P 1 and P 2 , indicates therefore that the precessing jet also induces variations in EW(Hα) and gamma-ray emission. Flux density (mJy) MJD vs LSI +61303 radio observations Precessing jet model Fig. 3 . Model data (red) and radio observations (black) of LS I +61
• 303 averaged over one day (Sect. 5). 
